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1 Introduction and summary
Among the successes of string (M-) theory, the interpretation of black hole entropy as
resulting from microscopic degrees of freedom of D-branes (M-branes) stands out. Since
the inspirational work — valid for BPS black holes — of [1, 2], attempts at understanding
non-supersymmetric and non-extremal black holes have also been initiated [3–7]. The black
hole solutions described in [1, 2] can be uplifted to black strings in one higher dimension,
where the near-horizon limit contains an AdS3 factor in the supersymmetric case, or a
BTZ-factor for near-extremal black holes. One can then use the Cardy formula for the dual
conformal field theories, which are based on (0, 4) [2] and (4, 4) [1] superconformal field
theories in two dimensions. In the near-extremal case, one makes use of the correspondence
between BTZ geometries and thermal conformal field theories, which does not rely on any
supersymmetry [8].
Among the plethora of asymptotically flat black holes whose microscopics have been
studied, there have been none in gauged supergravity, in which there is light charged
matter in the supergravity spectrum. Such a situation would be needed to study absorption
and reflection coefficients of charged matter by the black hole, or to compute black hole
discharge through Schwinger processes. In this article, we will not go as far as this, but we
present a construction of a class of black hole solutions in gauged supergravity with flat
Minkowski vacua. In other words, we present a framework in which these processes could be
studied. Microscopically, we find that they are described by N = 4 superconformal systems
((0, 4) or (4, 4)) with twisted boundary conditions, characterized by a parameter, called ρ in
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the original work of Schwimmer and Seiberg [9]. The twist involves the outer automorphism
group of the superconformal algebra, and the corresponding ρ-algebra is inequivalent to
the usual NS and R-sectors and its spectral flow [9]. To the best of our knowledge, this
ρ-algebra has never found an interesting application, but in this paper we show that it
governs the microscopics of asymptotically flat black holes in gauged supergravities.
We will first concern ourselves with M-theory on a compact Calabi-Yau threefold (CY3,
henceforth). This results in five-dimensional N = 2 supergravity coupled to vector- and
hypermultiplets. The low-energy limit of the M5-brane put on a compact divisor in the
CY3 is a black string solution to the said supergravity theory. A further compactification
of this black string along an S1 is a black hole solution of a four-dimensional N = 2
supergravity theory. As was shown in [2], the macroscopic entropy of such a BPS black
hole is microscopically realized as a set of microstates within the conformal field theory
living on the worldsheet of the M5-string. This theory has been called the MSW-CFT
in the literature; it is a (0,4) superconformal field theory (SCFT) in 2 dimensions. The
M5-string worldsheet effective action has been studied in detail, in [10] for instance.
While we will still persist with five-dimensional ungauged supergravity theory resulting
from compactifications of M-theory, we wish now to consider a more general Scherk-Schwarz
reduction along the additional S1 to arrive at a four-dimensional theory. Such a considera-
tion is not new. In [11, 12], it was shown that imposing Scherk-Schwarz twisted boundary
conditions results in gauged supergravities theory in four dimensions with positive definite
scalar potentials with Minkowski vacua. Our strategy will be to find a Scherk-Schwarz
twist and the corresponding gauging that preserves the black hole solutions from the un-
twisted case. As we will show, such a twist can be done by using the R-symmetry group.
R-symmetry in supergravity is in general not a symmetry of the action, but classically —
ignoring quantum corrections — it often is. We can say it is an approximate symmetry,
valid in the classical supergravity regime, and use it in the Scherk-Schwarz twist. Since the
theory is now gauged, the spectrum is non-trivial and there are light, R-charged particles
in it. Owing to the fact that the circle on which we Scherk-Schwarz reduce is exactly the
spatial circle of the M5-string, boundary conditions can consistently be imposed in the
microscopics to match the macroscopic supergravity setup. In essence, a twisted general-
ization of the MSW-CFT results. The interplay between R-symmetry, the ρ-twist and the
use of holography motivates us to name our construction “R-Holography”, “ρ-lography”,
or simply “Rholography”.
In section 2, we review the ρ-algebras of [9] and show how the boundary conditions
are implemented in the bulk on the gravitini living in AdS3. Moreover, we will study the
implications of the ρ-twist for the ground state energy of the right moving sector of the
MSW-CFT. This will allow us to determine the entropy of the field theory in a thermal
state, as a function of ρ, using Cardy’s celebrated formula.
Further on, in section 3, we will identify the appropriate Scherk-Schwarz twist in
the five-dimensional supergravity theory that corresponds to the microscopic ρ-twist and
carry out the reduction to four dimensions. As we will show, the relevant twist uses the
R-symmetry that acts on the supersymmetry generators of the five-dimensional N = 2 su-
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pergravity theory. After identifying a flat Minkowski vacuum we compute the supergravity
spectrum and we construct a non-extremal black hole in the gauged four-dimensional the-
ory. Uplifting this black hole to five dimensions allows us to define a consistent near-horizon
limit in which we realize a thermal BTZ geometry; but now with a ρ-twisted angular co-
ordinate. To leading order, its entropy matches the Cardy formula of the dual ρ-twisted
MSW-CFT. Phrased differently, we conjecture that the ρ-twisted MSW-CFT is dual to
M-theory on1 AdSρ3 ×S2×CY3. The superscript on the AdS3 merely refers to the twisted
boundary conditions along the angular coordinate in AdS3.
Finally, we present a different example in section 4 based on the D1-D5 system in type
IIB on K3×S1, which is of equal interest as the MSW setup. The line of thought is exactly
the same as in the MSW system, except that the R-symmetry is now larger, i.e. SO(5)R
instead of SU(2)R. Furthermore, the CFT is (4, 4) instead of (0, 4) allowing for ρ-twists on
either of the chiral sectors.
As is evident through this introduction, we will consistently lay emphasis on the two
punchlines of this work. One is the microscopic description of a large class of asymptotically
flat black holes in R-gauged supergravities. The other is the microscopic realization of the
ρ-algebras and their conjectured bulk duals.
2 Rholography
The M5-brane breaks half of the supersymmetry available in M-theory. It carries a chiral
(0, 2) SCFT in six dimensions. The Lorentz group breaks to Spin(1, 5) with an additional
USp(4) R-symmetry owing to the transverse directions. Its world volume theory consists
of 5 scalars X {= Xa, a = 1, ..., 5} (corresponding to the transverse directions of the
brane), four six-dimensional Weyl spinors ψ {= ψi, i = 1, ..., 4} that obey a symplectic
reality condition and an anti-symmetric two form B2 whose field strength is self-dual.
Considering M-theory on a CY3 background and placing the M5-brane on a holomorphic
compact divisor inside the threefold reduces the symmetry of the world-volume theory.
The USp(4) ' SO(5) breaks to a Spin(3) × Spin(2) symmetry — the Spin(3) comes from
the position of the brane in non-compact space while the Spin(2) is owed to the position
of the brane in the CY3. Furthermore, the six dimensional local Lorentz group breaks to
Spin(1, 1)×Spin(4), and reduces to a Spin(1, 1)×SU(2)×U(1) symmetry on the M5-string
worldsheet [14]. We may now gauge fix the world-sheet coordinates to align with the target
space coordinates to realize the Spin(1, 1) Lorentz symmetry on the world-sheet. This is
the MSW-CFT and its world-sheet field content can be obtained from the reduction of the
M5-brane world-volume fields [10]. In this article, we will entirely focus our attention on
two symmetries of this field theory — the Spin(3) that manifests itself as a local SU(2)
Kac-Moody algebra in the field theory, and the global SU(2) flavor symmetry. The latter
is actually only a symmetry of the algebra, and not necessarily of the CFT. It is the outer
1Scherk-Schwarz reductions often break supersymmetry spontaneously [13], and the vacuum might be
unstable. To deal with this properly, one has to actually start with a T 6 instead of a CY3, so that
partial supersymmetry can be preserved. This effect is however not relevant for the present leading order
calculations.
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automorphism group of the superconformal algebra. It may happen that for large value of
the central charge, the outer automorphism group may actually become a symmetry. In the
dual bulk, this is the classical supergravity regime. We get back to this point later. Since all
the supersymmetry generators are in the right moving sector of the CFT, we can study this
N = 4 superconformal algebra in its own right. For notational ease, we will call the Kac-
Moody gauge group SU(2)η and the outer automorphism group SU(2)ρ. Together, they
form the total automorphism group SO(4) of the small N = 4 superconformal algebra [9].
It is worth understanding the presence of these symmetries in the different theories of
interest. From the black string perspective, the SU(2)η local gauge symmetry is realized
as the spherical symmetry of the horizon. It sits inside the Lorentz group of the five-
dimensional supergravity theory and similarly, it is also the rotational symmetry goup of a
spherical black hole in the four-dimensional supergravity theory. The outer automorphism
group, also called the global SU(2)ρ flavor symmetry when it is a symmetry, however, has
roots in the CY3. As we discuss in section 3, it is the SU(2) R-symmetry of five-dimensional
N = 2 supergravity acting on the supersymmetry generators. Upon compactifying on a
circle, we will perform the Scherk-Schwarz twist with respect to a U(1) subgroup of this
SU(2) R-symmetry. As we will show, in the supergravity regime, this subgroup is actually
a symmetry of the action. In the N = 4 CFT, as has been studied in [9], a twisting of
the Abelian subgroup of the local SU(2)η is just a gauge symmetry; it can be undone by
spectral flow. However, a twisting of the Abelian subgroup of the global SU(2)ρ symmetry
results in an infinite family of (0, 4) algebras parametrized by the twisting parameter ρ.
It cannot be undone because the U(1)ρ ⊂ SU(2)ρ is only an approximate symmetry, in
much the same way as the bonus symmetry discussed in [15]. Hence there is no current
algebra associated to it, and hence no spectral flow. The twist is ‘felt’ by all the fields
in the CFT that transform non-trivially under the SU(2)ρ. This includes, in particular,
the supercharges that transform under a doublet representation. Since the twist is under
an Abelian subgroup of the R-symmetry, the corresponding five-dimensional supergravity
theory realizes it as a specific Scherk-Schwarz reduction on the circle; one that corresponds
to an R-gauging in four dimensions. This is a U(1) gauged supergravity theory in four
dimensions, and it already indicates that the twist parameter ρ must be related to the
U(1) gauge coupling constant. Much like in the un-twisted case, the twisted CFT counts
the microstates associated to a black hole in this gauged supergravity theory.
We will now make the discussion more concrete, by first presenting the small N = 4
superconformal algebra with ρ-twist in section 2.1, and the structure of the holographic
dual in section 2.2.
2.1 Small N = 4 superconformal algebra with ρ-twist
We will call the Virasoro generators Lm (and their corresponding stress tensor L(z)), the
Kac-Moody generators T i (with i = 1, 2, 3) and the four supercharges GaA (with a = 1, 2
and A = ±). Here, i is an SU(2)η triplet index, a an SU(2)η doublet index and A an
SU(2)ρ doublet index. The Operator Product Expansions (OPEs) can be determined
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from [9, 16, 17]. Dropping the regular terms when z → w, they are
L(z)L(w) =
∂wL(w)
z − w +
2L(w)
(z − w)2 +
1
2 cR
(z − w)4 ,
Ga±(z)Gb∓(w) = δab
(
2L(w)
z − w +
2
3 cR
(z − w)3
)
+ (σi)ab
(
2 ∂wT
i(w)
z − w +
4i T i(w)
(z − w)2
)
,
T i(z)T j(w) = i
εijk T k(w)
z − w +
1
12 cR δ
ij
(z − w)2 ,
L(z)Ga±(w) =
∂wG
a±(w)
z − w +
3
2G
a±(w)
(z − w)2 ,
L(z)T i(w) =
∂wT
i(w)
z − w +
T i(w)
(z − w)2 ,
T i(z)Ga+(w) =
1
2G
b+(w)
(
σi
)
b
a
z − w ,
T i(z)Ga−(w) = −
1
2
(
σi
)a
bG
b−(w)
z − w , (2.1)
where (σi)ab are the Pauli matrices.
As shown in [9, 16], the total automorphism group of these OPEs (and the alge-
bra generated by them) is SO(4) = SU(2)η × SU(2)ρ. The inner outomorphism group is
SU(2)η and corresponds to the current algebra while the outer automorphism group is the
global SU(2)ρ. Twists under the Abelian subgroups of the two SU(2) groups are generated
by [9, 16] –
G1±(ze2pii) = e∓ipi(ρ+η) G1±(z) ,
G2±(ze2pii) = e∓ipi(ρ−η) G2±(z) ,
T±(ze2pii) = e±2piiη T±(z) , (2.2)
where T± = T 1 ± iT 2, while T 3(z) and L(z) are left to be periodic. The resulting mode
expansion for the supercharges is, therefore,
G1±(z) =
∑
m∈Z
G1±
m± ρ+η
2
+ 1
2
z−m∓
ρ+η
2
−2 ,
G2±(z) =
∑
m∈Z
G2±
m± ρ−η
2
+ 1
2
z−m∓
ρ−η
2
−2 . (2.3)
The usual NS and R sectors have ρ = 0, with η = 0 and η = 1 respectively. These
result in half-integer (η = 0) and integer (η = 1) modes for the supercharges, respectively.
For ρ 6= 0, one gets inequivalent algebras. In this article, we will exclusively work with
non-zero ρ.
Any particular mode can be extracted out of this Laurent series by an appropriate
Cauchy integral as
G1±
m± ρ+η
2
+ 1
2
=
1
2pii
∫
dz zm±
ρ+η
2
+1 G1±(z) ,
G2±
m± ρ−η
2
+ 1
2
=
1
2pii
∫
dz zm±
ρ−η
2
+1 G2±(z) . (2.4)
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The anti-commutation relations for the supercharges can now be calculated from this
mode expansion and the OPE in (2.1), using Cauchy’s theorem. The result is:2{
G1+
m+ ρ+η
2
+ 1
2
, G1−
n− ρ+η
2
− 1
2
}
= 2 Lm+n + 2 (m− n+ 1 + (ρ+ η)) T 3m+n
+
cR
12
[
(2m+ 1 + (ρ+ η))2 − 1
]
δm+n,0 . (2.5){
G2+
m+ ρ−η
2
+ 1
2
, G2−
n− ρ−η
2
− 1
2
}
= 2 Lm+n − 2 (m− n+ 1 + (ρ− η)) T 3m+n
+
cR
12
[
(2m+ 1 + (ρ− η))2 − 1
]
δm+n,0 . (2.6)
We know that the η twist is a gauge redundancy and therefore causes spectral flow.
Any physical quantity must be independent of η. The gauge independent, spectral flow
invariant quantities do not depend on η and are defined by the relations [9]
Ln (ρ, η) = Ln(ρ)−ηT 3n(ρ)+η2
cR
12
δn,0, T
3
n(ρ, η) = T
3
n(ρ)−η
cR
6
δn,0, T
±
n±η(ρ, η) = T
±
n (ρ),
for the bosonic operators, and
G1±
n± ρ+η
2
+ 1
2
(ρ, η) = G1±
n± ρ
2
+ 1
2
(ρ) G2±
n± ρ−η
2
+ 1
2
(ρ, η) = G2±
n± ρ
2
+ 1
2
(ρ) , (2.7)
for the modes of the supercharges. Therefore, we see that one way to arrive at the gauge
independent quantities from the gauge dependent one, is by setting η = 0 — this is what
we do in the following. The parameter ρ takes values 0 ≤ ρ ≤ 2, but without loss of
generality we can restrict 0 ≤ ρ ≤ 1 as follows from the periodicity conditions.
From the algebra, we can now derive the unitarity constraints on a highest weight state
labelled by the eigenvalues (h, l) of L0 and T
3
0 respectively. This analysis was done in [16],
and we state the result here:
l <
cR
12
, h ≥ (1− ρ) l + cR
12
ρ
(
1− ρ
2
)
,
l =
cR
12
, h =
cR
12
(
1− ρ
2
2
)
. (2.8)
Since we are interested in black holes with zero angular momentum, we must take
l = 0. The ground state energy then is
h0 =
cR
6
(
ρ
2
− ρ
2
4
)
, (L0 − h0) |0〉 = 0 . (2.9)
Acting with raising operators in the algebra on this vacuum state, one obtains rep-
resentations with integer shifts from this ground state. Therefore, a generic state in this
2In this relation, instead of G1−
n− ρ+η
2
+ 1
2
, note that we have used a shifted mode G1−
n− ρ+η
2
− 1
2
such that the
latter is the complex conjugate of the generator G1+
m+ ρ+η
2
+ 1
2
, with m = −n. This merely shifts the Laurent
expansion appropriately.
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sector has a conformal dimension3 nR = NR+h0. Therefore, the entropy of the field theory
in an excited state with conformal dimensions nL and nR in the Cardy regime is given by
SCFT = 2pi
(√
cL
6
nL +
√
cR
6
nR
)
= 2pi
(√
cL
6
nL +
√
cR
6
(
NR +
cR
6
(
ρ
2
− ρ
2
4
)))
. (2.10)
We shall see that this matches with the expectation from the bulk theory, in section 3,
where the momentum along the string is identified with the electric charge of the black
hole. Since the field theory is that of an M5-string, the momentum along the string can be
calculated to be
L0 − L¯0 = nL − nR
= nL −
(
NR +
cR
6
(
ρ
2
− ρ
2
4
))
. (2.11)
This momentum is no longer integer-quantized — it is shifted by the ground state energy
h0. It is worth noticing that the ground state energy vanishes for ρ = 2, but this value
is equivalent to ρ = 0 as one can see from (2.2). The maximum value arises for ρ = 1,
namely h0 = c/24. This is precisely the same shift for the ground state energy between
the Ramond and Neveu-Schwarz sector. This is not surprising, since η = 0 and ρ = 1 is
equivalent to the Ramond sector which has η = 1 and ρ = 0.
2.2 AdSρ3 × S2 bulk duals
The twisting of the supercharges in the small N = 4 superconformal algebra raises the ques-
tion of what the corresponding operation is in the dual bulk theory that lives on AdS3.
A systematic study of the asymptotic dynamics and symmetries of three-dimensional ex-
tended supergravity on AdS3 was made in [18] in the Chern-Simons formulation. The AdS3
superalgebra that corresponds to the small N = 4 superconformal algebra is SU(1, 1|2)/U(1)
and contains an “inner” SU(2) symmetry that is dual to the SU(2)η current algebra. Fur-
thermore, it was shown that the twisting of the SU(2)ρ outer automorphism group cor-
responds to twisting the periodicity conditions on the gravitini. Indeed, AdS3 has the
topology of a disc times a real line, with coordinates (r, θ) and t, and the supergravity
fields in three dimensions must be given periodicity conditions in θ in such a way that
the supergravity Lagrangian remains invariant (see section 6 in [18]). In our notation,
following (2.2) for η = 0, and suppressing the coordinates r and t, this means,
ψa±µ (θ + 2pi) = e
∓ipiρψa±µ (θ) . (2.12)
The three-dimensional gravitini are in general denoted by ψaAµ , where the superscripts
denote the representation of the R-symmetry in three dimensions. In general, the R-
symmetry in N = 4, D = 3 is SO(4)R, but R-symmetry in supergravity is not always
3Here, nL and NR are integers while h0 is a continuous parameter in the space of algebras defined by ρ.
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a symmetry of the Lagrangian, only of the superalgebra. However, as mentioned in the
Introduction and the beginning of this section, our three-dimensional supergravity comes
fromN = 2 in five dimensions, where the R-symmetry is only SU(2)R. The five-dimensional
theory is defined on AdS3 × S2, and after reducing to three dimensions, the R-symmetry
enlarges to
D = 5 : SU(2)R ⇒ D = 3 : SO(4)R = SU(2)ρ × SU(2)η . (2.13)
Here, the SU(2)η is now a symmetry and it is gauged, with SU(2)η Chern-Simons gauge
fields that are dual to the current algebra in the small N = 4 superconformal algebra. The
SU(2)ρ is the SU(2)R from five dimensions. It corresponds to the outer automorphism group
in the dual CFT. Both these groups (SU(2)ρ and SU(2)R) are outer automorphisms and
are in general not symmetries of the Lagrangian. It is now clear that the index a = 1, 2
denotes the two-dimensional representation of SU(2)η and A = 1, 2 (or in complexified
notation A = +,−) the one of SU(2)ρ. Hence, on the one hand, twisting the periodicity
conditions with a U(1) ⊂ SU(2)ρ implies twisting a U(1) ⊂ SU(2)R in five dimensions. On
the other hand, twisting the periodicity conditions on the gravitini with a U(1) ⊂ SU(2)η
can be undone by a gauge transformation or field redefintition in the bulk. In the boundary
CFT, this corresponds to spectral flow in the current algebra.
While the analysis in [18] was done for pure Chern-Simons supergravity, we assume
here that it can be extended to include also matter multiplets and that our reduction from
five dimensions can be recasted in this language. This would mean that all fields in five
dimensions that have R-charge, will be subject to boundary conditions similar to (2.12).
For hypermultiplets, we discuss this in the next section.
Piecing all the above together, we may now conjecture that M-theory on AdSρ3 ×S2×
CY3 is dual to the ρ twisted MSW-CFT, which we denote by (0, 4)ρ CFT. By AdS
ρ
3 , we
mean AdS3 with ρ-twisted boundary conditions along the angular coordinate in AdS3. This
is what we call “Rholography”. Consequently, the (0, 4)ρ theory in an excited state at finite
temperature — as considered above — accounts for the entropy of a macroscopic excited
state above the AdSρ3 vacuum. In section 3, we will show that this excited macroscopic
state is precisely a massive, non-extremal BTZρ black hole, as one might expect; of course,
this BTZρ geometry will also be one with a twisted angular direction. As we will show,
in turn, this BTZρ geometry appears in the uplift of the four-dimensional black hole using
the Scherk-Schwarz mechanism.
In closing, let us note that the discussion in this section is rooted in a chiral N = 4 SCA
in two dimensions; therefore, its scope is certainly not limited to just the (0, 4) MSW CFT.
Let us consider, for instance, the D1-D5 CFT of Strominger and Vafa. It is a (4, 4) theory.
1
2 -BPS states in this theory correspond to space-time
1
4 -BPS states. Such
1
2 -BPS states are
counted by keeping one of the chiral sectors in the vacuum (using supersymmetry), while
exciting the other chiral sector. As was shown in [1], such a count precisely matches the
macroscopic entropy of 14 -BPS black holes in five-dimensional N = 4 supergravity obtained
from a Type IIB compactification on a Calabi-Yau twofold times a circle. As was later
pointed out in [4], exciting both chiral sectors of this two dimensional (4, 4) theory counts
microstates of near-extremal black holes.
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The reasoning behind rholography works very similarly as for the case discussed be-
fore. Compactifications of type IIB on K3 yield six-dimensional chiral (0, 2) supergravity.
The R-symmetry is SO(5)R ' USp(4)R ' Sp(2)R. We then reduce on six-dimensional
backgrounds of the type AdS3 × S3, and in three dimensions with sixteen supercharges,
the R-symmetry is in general SO(8)R. The R-symmetry is in general not a symmetry, but
since we reduced on S3, an SO(4) subgroup is a symmetry and is gauged. The analogous
(to (2.13)) decomposition of the total R-symmetry group is now
D = 6 : SO(5)R ⇒ D = 3 : SO(8)R → SO(4)ρ × SO(4)η . (2.14)
The SO(4)η is a gauge symmetry and produces two sets of SU(2) current algebras that
are present in the left and right-moving sectors of the dual CFT. The SO(4)ρ further
decomposes in two outer automorphism groups of the left and right-moving sectors, and
each can be used to give twisted boundary conditions with parameters, say ρL and ρR.
As we will argue in section 4, twisting both sectors would spontaneously break all the
supersymmetry of the vacuum in the macroscopic five-dimensional supergravity theory. But
the qualitatively new feature arising from considering the (ρL = 0, ρR 6= 0) D1-D5 system
is that the vacuum in the corresponding supergravity theory still breaks supersymmetry
spontaneously; but this time, only partially so. Clearly, this results in exactly the same
formula (2.10) for the microscopic entropy.
While we will move on to the macroscopic discussion corresponding to the MSW CFT
in the next section, we will comment on the microscopic counterpart of the D1-D5 CFT in
section 4.
3 Black holes from M-theory and Scherk-Schwarz reductions
The four-dimensional black holes we wish to describe in this paper arise from M-theory
compactifications on CY3 × S1. Their microscopic entropy is governed by the MSW (0,4)
CFT, and the M5-string is compactified on the S1. As explained in the introduction, we
extend the discussion here by imposing a non-trivial Scherk-Schwarz twist along the S1.
The twist group element is chosen to be in the U(1)R subgroup of the SU(2)R R-symmetry
in the five-dimensional supergravity theory. Hence, it acts on the five-dimensional super-
charges that transform as a doublet. This way, as we review in the subsection to follow, we
generate gauged supergravity in four dimensions with a positive definite scalar potential
with a Minkowski vacuum. In the example of this section, the vacuum spontaneously breaks
supersymmetry from N = 2 to N = 0. In our analysis, in this section, we will ignore ra-
diative quantum corrections to the potential and possible worries about instabilities of the
vacuum.4 The supersymmetry breaking scale will be proportional to the twist parameter
4There exist Scherk-Schwarz reductions with R-symmetry twists with supersymmetry preserving vacua,
as we discuss in the next section. The reader who is too worried about radiative corrections and instabilities
of the supersymmetry breaking vacuum mentioned above, might find the example of the next section more
appealing. There, (half of the) supersymmetry in the vacuum is preserved and calculations are under
better control. Alternatively, one might start with M-theory on a T 6 instead of a CY3, such that partial
supersymmetry can remain after the Scherk-Schwarz twist.
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that plays the role of the gauge coupling constant in gauged supergravity. We assume it to
be very small, such that quantum corrections are suppressed. Furthermore, we assume the
S1 radius R to be much larger than the length scale of the CY3, i.e. R
6  V olCY3  l611,
where l11 is the eleven-dimensional Planck length. In this regime, the supergravity approx-
imation is valid. All particles that carry R-charge in five dimensions (gravitinos, gaugini,
and the hypermultiplets) will become massive in four dimensions, with masses set by the
supersymmetry breaking scale — so they will be light. The black holes that we wish to
construct are therefore solutions of four-dimensional gauged supergravity, and our set-up
allows us to study them in the presence of light charged matter. Since supersymmetry is
broken, the only sensible thing to do is to construct non-extremal solutions, though our
microscopic matching only works in the near-extremal limit. The uplift of this solution to
five dimension is a black string with twisted boundary conditions, and a near horizon ge-
ometry that contains a BTZ factor in the near-extremal limit. This near horizon geometry
has a holographic dual which is governed by a CFT with a ρ-algebra of symmetries as in
section 2, at finite (and small) temperature.
For practical purposes, we choose a CY3 with small Hodge numbers, h1,1 = h1,2 = 1.
Such Calabi-Yau manifolds were constructed in [19]. As a consequence, the low energy
effective action is five-dimensional supergravity coupled to two hypermultiplets and with-
out any vector multiplets. The Scherk-Schwarz reduction to four dimensions can in this
example be carried out in great detail. Nevertheless, we expect our conclusions to hold
more generally, for any CY3, and as a result for more general hypermultiplet couplings. We
therefore start section 3.1 with some general statements about Scherk-Schwarz reductions
in supergravity, and then specify our model in more detail. In section 3.2, we discuss black
hole solutions while in section 3.3, we uplift them to five dimensions and argue for a match
of their macroscopic entropy with the Cardy-formula (2.10).
3.1 R-symmetry and Scherk-Schwarz reduction
A generic compactification of M-theory on a CY3 yields an effective five-dimensional theory
of N = 2 supergravity coupled to h1,1−1 vector multiplets and h1,2+1 hypermultiplets [20].
Further compactification on a circle S1 gives an additional Kaluza-Klein vector multiplet
(so h1,1 in total) and the same number of hypermultiplets as in five dimensions. The
effect of doing a Scherk-Schwarz twist on S1 is to yield four-dimensional gauged N = 2
supergravity with a gauge group U(1). Our setup follows the treatment and the analysis
of [11, 12], and we use the conventions of [12]. The five-dimensional metric is decomposed as
ds2(5) = R
−1ds2(4) +R
2
(
dz +A0
)2
, (3.1)
where z ∼ z + 2pi is the coordinate along the circle, and R denotes the radius of the circle
above a base point x. All length scales are measured in terms of the eleven-dimensional
Planck units. Finally, A0 is the Kaluza-Klein vector that we also call the four-dimensional
graviphoton. Five-dimensional gauge fields decompose as5
AI(5) = A
I
(4) + a
I
(
dz −A0) , (3.2)
5For a supergravity theory obtained as a compactification of M-theory on a CY3 with Hodge numbers
h1,1 and h1,2, the indices in (3.11) are Λ,Σ ∈ {0, 1, ...nv} and I, J ∈ {1, ...nv}, with nv the number of vector
– 10 –
J
H
E
P
0
6
(
2
0
1
5
)
0
5
8
with aI four-dimensional scalars. They combine into complex scalars with the real scalars
hI of the five-dimensional vector multiplet
tI = aI − iR hI . (3.3)
All these fields have zero SU(2)R R-charge in five dimensions, so they reduce to four dimen-
sions just like in a Kaluza-Klein reduction. Their zero modes are massless. The non-trivial
Scherk-Schwarz twist here is performed only on those quantities that transform under the
R-symmetry. These include the supercharges, hence the fermions, and the hypermultiplet
scalars. These fields get a non-trivial z-dependence, different from a Kaluza-Klein expan-
sion of a periodic field. As a consequence, what used to be the massless zero modes in a
Kaluza-Klein scheme, now become massive modes, with masses proportional to the twist
parameter. These modes are taken to be very light compared to the higher Kaluza-Klein
modes. This can be achieved by taking the twist parameter to be small. To be more
concrete, we can define the Scherk-Schwarz twist on the supercharges QA; A = 1, 2, which
form a doublet under SU(2)R, as
QA (xµ, z + 2pi) =
(
e2ipiασ3
)A
B Q
B (xµ, z) , (3.4)
for a Scherk-Schwarz phase α belonging to the U(1)R ⊂ SU(2)R, and with σ3 being the
third Pauli matrix. A similar transformation holds for the gravitini ψAµ and for the gaugini
λAI . Comparing with the twist on the worldsheet supercharges in (2.2) with η = 0, we
identify
α =
ρ
2
. (3.5)
The justification for this was given before, namely that we identify the bulk SU(2)R sym-
metry with the worldsheet SU(2)ρ outer automorphism group. This is because the S
1 we
twist on, is the same as the S1 we wrap the M5-string around. Similarly, the S1 we twist
on is the same S1 that becomes part of the AdS3 in the near horizon geometry of the
black string. In essence, the coordinate z is equal to θ used in (2.12). So the periodicity
conditions we used on the supercharges (3.4) and gravitini are also the same as in (2.12).
Any (complex) field Φ(x, z) with twisted periodicity conditions has a mode expansion
Φ(x, z) = eiαz
+∞∑
n=−∞
Φn(x)e
inz . (3.6)
In a Scherk-Schwarz reduction, we restrict to the n = 0 mode in the expansion. In other
words, we give the five-dimensional field a particular z-dependence that satisfies
Φ(x, z) = eiαzΦ0(x) =⇒ ∂zΦ = iαΦ . (3.7)
The effect of this is that the four-dimensional field becomes both charged and massive,
with m2 = q2 in the appropriate units. The masses will be proportional to α and inversely
proportional to the radius R, and we give an explicit example at the end of this subsection.
multiplets, and u, v ∈ {1, ..., 4nh}, with nh = h1,2 + 1 the number of hypermultiplets. In five dimensions,
we have nv = h1,1− 1 and in four dimensions, we have nv = h1,1. The number of hypermultiplets stays the
same in five and four dimensions.
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Applied to the case at hand, we get
∂zQ
A = iασ A3 BQ
B , ∂zψ
A
µ = iασ
A
3 Bψ
B
µ , ∂zλ
AI = iασ A3 Bλ
BI . (3.8)
These fermionic fields transform with the same Scherk-Schwarz phase, because they are in
the same (doublet) representation of the SU(2)R symmetry.
In the hypermultiplet sector, both scalars and fermions transform under this twist.
The scalars parametrize a quaternion-Ka¨hler manifold of dimension 4nh, with metric huv,
and the holonomy group is contained in SU(2)R × USp(2nh). For a given hypermultiplet
scalar manifold which is a coset of the form G/H, the maximal compact subgroup always
contains an SU(2)R factor. So, homogeneous quaternion-Ka¨hler manifolds always contain
SU(2)R isometries, and hence the Scherk-Schwarz twist can be implemented using the
U(1)R ⊂ SU(2)R Killing vector (we add a subscript “0” to the Killing vector for later
notational purposes),
∂zq
u = αku0 (q) , (3.9)
so the Scherk-Schwarz twist is in general non-linearly realized on the real hypermultiplet
scalars. One can write down a similar formula for the hyperini, using the results of [21, 22].
Since this is not very insightful, we refrain from giving explicit expressions here.
In general, Scherk-Schwarz twists lead to gauged supergravities in one dimension lower,
with supersymmetry preserved at the level of the action. Gauged supergravities have scalar
potentials Vg which are positive-definite for Scherk-Schwarz reductions. Furthermore, they
typically allow Minkowski vacua with spontaneously broken supersymmetry. The original
references on the topic are [13, 23]. Some other useful literature can be found in e.g. [24, 25].
In four-dimensional N = 2 supergravity, the bosonic sector of the theory is generically
(for electric gaugings) described by the action [26]
S4d =
∫
R
2
∗ 1− γik¯dti ∧ ∗dt¯k¯ +
1
4
IΛΣFΛ ∧ ∗FΣ + 1
4
RΛΣFΛ ∧ FΣ +
+huvDq
u ∧ ∗Dqv − Vg ∗ 1 , (3.10)
and the potential has a universal form for generic gaugings described by [26]6
Vg = 2g
2
(
γik¯k
i
Λk
k¯
Σ + 4huvk
u
Λk
v
Σ
)
L¯ΛLΣ + 2g2
(
UΛΣ − 3L¯ΛLΣ)P xΛP xΣ . (3.11)
where i, j = 1, .., nv, u, v = 1, .., 4nh, Λ,Σ = 1, .., nv + 1. In this formula, g is the gauge
coupling, kiΛ and k
u
Λ are Killing vectors of the special Ka¨hler and quaternionic isometries
respectively, γik¯ is the metric of the special Ka¨hler manifold with holomorphic coordinates
ti, and huv the metric of the quaternionic manifold with coordinates q
u. Notice that the
hypermultiplet scalars now appear with a covariant derivative Dµq
u = ∂µq
u + kuΛA
Λ
µ , since
they are charged under the Kaluza-Klein field, as discussed above. The symplectic sections
6We use the conventions of [12], which differ from [26] by factors of two in the potential and gauge kinetic
terms. One can switch between the conventions by rescaling our four-dimensional metric g → 1
2
g and then
multiplying the action by 2. This has the effect of rescaling our potential with an overall factor of 1
2
and
our gauge kinetic terms with an overall factor of 2, while the scalar kinetic terms and Einstein-Hilbert term,
normalized as L = 1
2
√−gR(g), remain the same.
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LΛ are defined from the holomorphic ones by LΛ = eK/2XΛ, where K is the Ka¨hler
potential, and we use special coordinates such that X0 = 1. For more on conventions and
properties on special geometry, see [26]. P xΛ ;x = 1, 2, 3 are the moment maps that can
be computed from the quaternionic Killing vectors. Finally, UΛΣ is the symmetric tensor
defined on any special Ka¨hler manifold. The precise definition is not important here, since
the last term in (3.11) will vanish in our case.
In our setup, only the Kaluza-Klein vector A0 from (3.1) is involved in the gauging,
and this gauge field is labeled by indices Λ,Σ = 0. Even if other gauge fields are present,
they do not take part in the gauging in the sense that no fields are charged under them.
The only relevant moment map is therefore P x0 , and thus the only relevant Killing vector
of quaternionic isometries is ku0 , which we specify below. Moreover, by properties of special
geometry it holds that (U00− 3L¯0L0) ≡ 0 in the large radius limit, so the last terms in the
potential (3.11) vanish.
Since we will perform a Scherk-Schwarz twist with respect to the R-symmetry, and
the scalars in the vector multiplet have no R-charge, the corresponding four-dimensional
spectrum should have scalars in the vector multiplets that remain massless and uncharged.
This is simply achieved by choosing the gauging of a compact U(1) isometry in the hy-
permultiplet scalar manifold only, thus implying kiΛ = 0 for every Λ = 0, 1, .., nv. The
potential we consider in this work is then of the no-scale form
Vg = 2g
2 (4huvk
u
0k
v
0) L¯
0L0 = 8g2huvk
u
0k
v
0e
K , (3.12)
and is positive definite. Using the relations, in the conventions of [12],
e−K = 8R3 ,
√−g(5) = √−g(4)R , (3.13)
one can interpret this as a potential coming from the dimensional reduction of the hyper-
multiplet scalars’ kinetic terms [11]. Indeed, using (3.9), we find√−g(5)huv∂zqu∂zqvgzz = √−g(4) Vg = √−g(4) g2R3huvku0kv0 . (3.14)
From this, one can see two possible types of vacua, both of which are Minkowski. The
first one is to have the Killing vectors finite and non-zero in the vacuum; the potential is
then of the runaway type and the theory decompactifies. We are not considering this option
since in our case, the Killing vectors of the R-symmetry will have fixed points and vanish
in the vacuum. R is then a flat direction, and the potential is called no-scale. Therefore,
we can freely take the radius to be large, such that R6  V olCY3 .
The masses of the particles in the spectrum follow from expanding fluctuations around
the vacuum to quadratic order, and involve the derivatives of the Killing vectors which
need not vanish in the vacuum. We refer to [26] for general expressions of the mass
matrices. Furthermore, the Scherk-Schwarz reduction also generates terms proportional to
the Kaluza-Klein vector A0, from which one can determine that the charge7 is equal to the
7In computing the charge, one must take care of the correct normalization of the Kaluza-Klein vector.
In the conventions of [12], the kinetic term for A0 is L = −R3
8
FµνF
µν , so one needs to rescale the gauge
fields A0 →
√
2
R3/2
A0 to have a canonically normalized Maxwell field.
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mass, m2 = q2. Finally, for (3.14) to hold, we identify the Scherk-Schwarz twist parameter
with the gauge coupling constant
α = g =⇒ g = ρ
2
. (3.15)
It is important to notice that in the vacuum, the bosonic part of the Lagrangian
becomes that of ungauged supergravity. Indeed, in the vacuum, the potential vanishes
and all covariant derivatives on the hypermultiplet scalars become ordinary ones since the
covariant derivatives involve Killing vectors that vanish in the vacuum. The hypers can
therefore be frozen to their vevs. The scalars in the vector multiplets remain neutral. As
a consequence, any bosonic solution of the equations of motion in ungauged supergravity
without hypermultiplets can be imported into the R-gauged supergravity theory. This
observation will be important when we discuss black hole solutions in section 3.3.
Example. The derivation of the scalar potential in the four-dimensional theory holds for
any choice of U(1) Scherk-Schwarz gauging from five to four dimensions, gauged by the
graviphoton (Kaluza-Klein vector A0), for a generic CY3-compactification. To exemplify
our strategy further, we now choose a particular model, namely the case in which the CY3
has h1,1 = h1,2 = 1, as discussed at the beginning of this section. Such a compactification
gives a five-dimensional N = 2 supergravity theory with no vector-multiplets and nh =
2 hypermultiplets whose scalar manifold is the c-map of SU(1, 1)/U(1). This has been
extensively studied in [27] and [28], for example. A result of these studies is that the
quaternionic manifold is G2(2)/SO(4) where SO(4) = SU(2)R × SU(2). We parametrize it
by introducing coordinates
qu =
(
φ, ϕ, χ, a, ξ0, ξ1, ξ˜0, ξ˜1
)
. (3.16)
Here, ϕ and χ form a complex structure modulus, the ξ and ξ˜ come from the periods of
three-form in eleven dimensions restricted to the CY3, and a is the dual of the three-form,
restricted to five dimensions. Finally, the (dimensionless) volume-modulus of the CY3 —
measured in terms of eleven-dimensional Planck units — is given by
VolCY3 = e
−2φ . (3.17)
In these coordinates, the metric is
huvdq
udqv = dφ2 + 3(dϕ)2 +
3
4
e4ϕ(dχ)2 +
1
4
e4φ
[
da+ ξ0dξ˜0 + ξ
1dξ˜1 − ξ˜0dξ0 − ξ˜1dξ1
]2
+
1
2
e2φ−6ϕ
(
dξ0
)2
+
1
2
e2φ−2ϕ
[
dξ1 −
√
3χdξ0
]2
+
1
2
e2φ+2ϕ
[
dξ˜1 −
√
3χ2dξ0 + 2χdξ1
]2
+
1
2
e2φ+6ϕ
[
dξ˜0 +
√
3χdξ˜1 − χ3dξ0 +
√
3χ2dξ1
]2
; (3.18)
see equation (5.4) of [29] for a similar parametrisation.
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The scalar potential can be found from the Killing vector belonging to the U(1)R ⊂
SU(2)R ⊂ SO(4) isometry. The explicit form for this Killing vector is given in the appendix,
using the parametrization (3.18) for the metric on the coset G2(2)/SO(4). A Minkowski
vacuum is then obtained for the values of the fields which are a vanishing locus for the
Killing vector ku0 = 0, and thus, for the choice (A.4) in appendix A,
χ = a = ξ0 = ξ1 = ξ˜0 = ξ˜1 = 0 , e
4φ = γ2δ4 , e4ϕ = 3γ2 . (3.19)
The parameters γ and δ specify the choice of the Killing vector as seen inside G2(2) — this
may be seen from (A.1) and (A.2). The volume, therefore, may be chosen to be large by
specifying an appropriate Killing vector with large δ, for example.
Expanding around the vacuum, one can determine the masses of the hypermultiplet
scalars. In four-dimensional Planck units,8 they are found to be
m2(0) =
g2
R3
, (3.20)
and are fully degenerate, i.e. all eight hyperscalars have the same mass. In the fermionic
sector, all the fields are charged under U(1)R ⊂ SU(2)R. The gravitini undergo a super-
Higgs mechanism and become massive by eating up the gaugini. Their mass eigenvalues
can be computed from the moment maps (see e.g. [26] for more details on the gravitino
mass matrix). In four-dimensional Planck units, we again find
m2(3/2) =
g2
R3
. (3.21)
The gravitini mass sets the supersymmetry breaking scale. It is very small in the regime
we are working in, namely large radius R and small coupling g. This provides an argument
why radiative corrections might be suppressed.
The fermionic sector in the hypermultiplets contains two Dirac spinors, one for each
hypermultiplet. Equivalently, there are four chiral components ζα;α = 1, ..., 4. Their Dirac
masses are found to be
m(1/2) = 0 , and m(1/2) = m(3/2) . (3.22)
The chiral components in each hypermultiplet then have the same masses, but with double
degeneracy.
3.2 Black holes in R-gauged supergravity
The example and general considerations in the previous subsection illustrate the following:
after freezing the hypermultiplets to their expectation values, the Killing vectors vanish and
so does the scalar potential. Turning to the bosonic sector described by the action (3.10),
the resulting supergravity Lagrangian after freezing the hypers (3.19) is precisely that of
ungauged supergravity. The covariant derivatives on the hypermultiplet scalars become
8The scalar potential in (3.12) contains a κ−24 , so all masses scale with the four-dimensional Planck mass
in our model. The gauge coupling constant g is dimensionless.
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ordinary derivatives, and so the hypermultiplets decouple classically. We have already
mentioned that the scalar of the vector multiplet is a flat direction in the Minkowski vac-
uum obtained by Scherk-Schwarz twist on the U(1)R isometry. In particular, the vector
multiplet equations of motion decouple from the hypermultiplet ones, and are totally in-
sensitive to the Scherk-Schwarz twist: they are effectively the same as the equations of
ungauged supergravity. Therefore, every solution of the ungauged supergravity bosonic
Lagrangian for the metric and the scalars of the vector multiplets is also automatically a
solution of the Scherk-Schwarz reduced theory around the Minkowski vacuum where the
hypermultiplets are stabilized. This has been discussed in the context of near-horizon su-
persymmetry already in [30] and more recently in the context of near-horizon dimensional
reduction in [31]. Constructions of black hole solutions in gauged supergravities with max-
imal supersymmetry preserving vacua can be found in [32]. The black holes we consider
here live in supersymmetry breaking vacua. The energy scale set by the temperature of
the black hole is supposed to be larger than the supersymmetry breaking scale, yet still
low enough such that the specific heat remains positive. For black hole temperatures lower
than the supersymmetry breaking scale, the massive modes first need to be integrated out.
We then consider a non-extremal black hole — a solution of the theory (3.10) around
the Minkowski vacuum coupled to nv = 1 vector multiplet. This corresponds to the dimen-
sional reduction of five-dimensional minimally coupled supergravity. We further truncate
to zero axions and consider the case of one electric charge q0, and one magnetic charge, p
1,
with the scalar field t being the coordinate of SU(1, 1)/U(1). The black hole is a solution
of the Einstein, scalar and Maxwell equations9
Rµν − R
2
gµν = gµν
(
−γtt¯∂µt∂µt¯+
1
4
IΛΣFΛµνFΣµν
)
− IΛΣFΛαµFΣαν + 2γtt¯∂µt∂ν t¯ ,
− 1√−g∂µ
(√−g∂µt¯ )− γtt¯∂t¯γtt¯ ∂µt¯∂µt = γtt¯∂t(IΛΣ)FΛµνFΣµν , γtt¯ = 34Im(t)2 = (γtt¯)−1 ,
∂µ
(√−gIΛΣFΛµν) = 0 , (3.23)
where there is no summation on the t and t¯ indices since the scalar manifold is of complex
dimension 1. The setup of this solution corresponds to a particular case of [33].
The metric of the black hole solution in the region outside the horizon is given by
ds2(4) = −e2U(r)dt2 + e−2U(r)dr2 + e−2U(r)f(r)dΩ2(2) , (3.24)
with f(r) = (r− r+)(r− r−) and dΩ2(2) = dθ2 + sin θ2dφ2. We have denoted the inner and
outer black hole horizons by r± = r∗ ± r0, while r2∗ = 2
√|q0(p1)3| refers to the radius of
the extremal solution obtained by taking the limit r0 → 0. The warp factor U(r) and the
purely imaginary scalar field — parametrized as t(r) = −iλ(r) — are determined in terms
of two harmonic functions as
e−2U(r) =
r − r−
r − r+ 4
√
I0(I1)2 , λ(r) =
√I0
I1 , (3.25)
9Here we switch back to the conventions used in [26] that are most commonly used in the black hole
literature.
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where
I0 = R
3/2
2
r − r∗ + r0
√
1 +
2q20
R3r20
r − r∗ + r0 , I1 =
1
2
√
R
r − r∗ + r0
√
1 + 2(p
1)2R
r20
r − r∗ + r0 . (3.26)
We note that the scalar field at infinity becomes the dilaton of the Minkowski vacuum
discussed in the previous section, R, which is a free parameter. The gauge fields of the
theory are — with FΛ = 12F
Λ
µνdx
µ ∧ dxν —
F 0 =
q0
R3
1(
r − r∗ + r0
√
1 +
2q20
R3r20
)2 dt ∧ dr , F 1 = p1 sin θdθ ∧ dφ . (3.27)
One then finds the entropies associated to the inner and outer horizons to be
S±
pi
=
(
r0 ±
√
r20 +
2q20
R3
)1/2(
r0 ±
√
r20 + 2(p
1)2R
)3/2
. (3.28)
The non-extremal parameter is related to the thermodynamic quantities of the black hole
by r0 = 2S+T , with the temperature being T =
κ
2pi =
r+−r−
4pir2+
. In the extremal case, r0 = 0,
the radius R drops out of the entropy formula and we obtain the well-known result
S = 2pi
√
q0(p1)3 , (3.29)
that has been reproduced microscopically for BPS black holes in ungauged supergravity.
The mass of the non-extremal black hole is
M =
1
4
[
3
√
r20 + 2(p
1)2R+
√
r20 +
2q20
R3
]
. (3.30)
This solution has a smooth T → 0 limit but, in the absence of supersymmetry, its stability
is no longer guaranteed. Therefore, on physical grounds, we choose to work with a non-
extremal black hole.
3.3 Uplift to 5 dimensions
Turning the circle reduction to the four-dimensional theory (3.10) around, the 4D black
hole (3.24)–(3.27) can be uplifted to a five-dimensional black string. We will now demon-
strate that, close to extremality, the near horizon region of this black string displays a BTZ
factor. In this 5D near-horizon region, the scalar λ(r) supporting the back string becomes
independent of the radial variable r. For simplicity of presentation, we set the scalar to
constant already in four-dimensions before uplifting. We have verified that this gives the
same result as uplifting the full black hole solution (3.24)–(3.27) and then taking the scalars
to be constant, since every correction to the near-horizon physics from the running scalars
starts at higher orders.
We thus set the scalar λ in (3.25) to its attractor value, λ = R =
√
q0
p1
, everywhere.
It seems that this choice fixes the dilaton of the Minkowski vacuum; however, one must
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remember that the constant scalars case is just a shortcut to identify the 5d near horizon
region. So, in this case, fixing the value of R has no physical meaning and one should
simply treat this as a calculational trick. Trading the non-extremality parameter r0 for the
mass M through (3.30) and changing to a new radial variable
r˜ = r − r∗ +M , (3.31)
the solution (3.24)–(3.27) becomes Reissner-Nordstro¨m,
ds2(4) = −
(
1− 2M
r˜
+
r2∗
r˜2
)
dt2 +
dr˜2
1− 2Mr˜ + r
2∗
r˜2
+ r˜2dΩ2(2) , F =
2r∗
r˜2
dt ∧ dr˜ , (3.32)
where F ≡ λ3/2F 0 = 1√
3
λ1/2∗F 1. Using the formulae (3.1) and (3.2) for a single vector mul-
tiplet, this solution uplifts on the circle parametrised by the angle z to the five-dimensional
black string
ds2(5) =
√
p1
q0
(
−
(
1− 2M
r˜
+
r2∗
r˜2
)
dt2 +
dr˜2
1− 2Mr˜ + r
2∗
r˜2
+ r˜2dΩ2(2)
)
+
q0
p1
(
dz +
√
2(p1)3
q0
1
r˜
dt
)2
,
F(5) =
√
6p1 sin θ dθ ∧ dφ , (3.33)
where F(5) is the field strength of the gauge field in (3.2).
Let us now exhibit how the announced BTZ factor arises from the solution (3.33) in
the near horizon region, close to extremality. To this end, we rescale
r˜ → r∗ + ρ , M → r∗ + 2 ρ
2
0
2r∗
, t→ 1

r2∗τ , z →
p3/4
q3/4
(
r∗ ϕ− t
)
(3.34)
following e.g. [34] and then let  → 0. In this near horizon, near extremal limit, the
five-dimensional metric (3.33) becomes
ds2(5) = 2(p
1)2
(
− (ρ2 − ρ20) dτ2 + dρ2(ρ2 − ρ20) + (dϕ− ρ dτ)2
)
+ 2(p1)2 dΩ2(2) , (3.35)
which is the direct product of a BTZ metric and a two-sphere S2, of radius 2(p1)2. To see
this more explicitly, we identify ρ0 =
r+ + r−
2` and make a further change of coordinates
ρ =
1
` (r+ + r−)
(
r2 − 1
2
(
r2+ + r
2
−
))
, τ = 2
(
t
`
+ φ
)
, ϕ =
r+ + r−
`
(
t
`
− φ
)
,
(3.36)
with r+ and r− being the outer and inner horizons respectively and `2 = 8
(
p1
)2
being the
square of the radius of AdS, to rewrite the metric (3.35) as
ds2(5) =
(
−
(
r2 − r2+
)(
r2 − r2−
)
`2r2
dt2 +
`2r2dr2(
r2 − r2+
)(
r2 − r2−
) + r2 (dφ− r+r−
`r2
dt
)2)
+2(p1)2 dΩ2(2) . (3.37)
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The contribution in brackets can now be recognised as the standard non-extremal, rotating
BTZ metric with radius fixed by `, mass and angular momentum given by
MBTZ =
r2+ + r
2−
`2
, JBTZ =
2r+r−
`
. (3.38)
Our results are consistent with the general black string solutions discussed in [35]. The
total entropy of the uplifted, five-dimensional solution is now
S =
1
4G5
Area(S2) 2pir+
=
1
4G3
2pir+. (3.39)
The metric (3.37) can be written entirely in terms of MBTZ and JBTZ as
ds2(5) =
(
−f(r) dt2 + f−1(r)dr2 + r2 (dφ+Nφdt)2
)
+ 2(p1)2 dΩ2(2) , (3.40)
where
f(r) = −MBTZ + r
2
`2
+
J2BTZ
4r2
Nφ = − JBTZ
2r2
. (3.41)
This is written in conventions where the AdS3 mass is −1, as opposed to − 18G3 . One may
restore the factors of G3 by
f(r) = −8G3MBTZ + r
2
`2
+
16G23J
2
BTZ
r2
, Nφ = −4G3JBTZ
r2
, (3.42)
and is now identical (up to a shift in the radial variable) to the metric written in [8].
Given that the BTZ geometry arises in the bulk supergravity, following the results of [8]
and [36], it is clear that the entropies of the macroscopic solution and the microscopic field
theory match with each other. In fact, the central charges cL and cR of the CFT do not feel
the boundary conditions, so they can be used again in the Cardy formula. However, the
conventional argument — in [1, 2], for instance — is that given a macroscopic black hole
with certain (electric) charge, one may choose a conformal field theory with states carrying
the same momentum that reproduces the macroscopic entropy. It is crucial, therefore, that
the quantization conditions on the black hole charge and the field theory momentum are
the same. In the case of supersymmetric black holes, both were integers and consequently
consistent with each other. We saw in (2.11) that the momentum along the string is
quantized; this becomes the four-dimensional electric charge,
q0 = nL −
(
NR +
cR
6
(
ρ
2
− ρ
2
4
))
. (3.43)
To leading order in g = ρ/2, this is a+b ρ2 = a+b g, where a and b are integers.
10 Therefore,
it is important that our macroscopic black hole satisfies this condition. We will now present
a quick argument why the black hole (3.24) does satisfy this quantization condition.
10As shown in [37], cR
6
is an integer.
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For the black hole under consideration to be a physically reasonable one, it needs to
have been formed by a collapse of particles within the theory. Elementary zero-mode parti-
cles in our theory have charges proportional to the gauge coupling constant11 g. The most
general black hole in this theory could conceivably be formed by a collapse of Kaluza-Klein
particles with integer charges and Scherk-Schwarz particles with charges proportional to
g. Picking a black hole formed by nL −NR Kaluza-Klein particles and cR6 Scherk-Schwarz
particles, it has an electric charge that is exactly consistent with the quantization condition
on the microscopic momentum (2.11), to leading order in ρ. It would be interesting to un-
derstand the macroscopic origin of the term in (2.11) that is quadratic in g. For black hole
temperatures larger than the supersymmetry breaking scale, this term is irrelevant. For
lower temperatures, this correction can perhaps be understood after integrating out the hy-
permultiplets in a one-loop approximation. We leave this interesting point for future work.
4 Extensions to supersymmetric vacua
The construction we have presented so far needs attention to one further detail. We have
considered a non-extremal black hole in a vacuum that spontaneously breaks supersym-
metry. It is, therefore, important that the vacuum is at least sufficiently stable to allow
for the formation of such a large black hole.To avoid possible problems with instabilities,
we now present an alternative example in which supersymmetry is only partially broken in
the vacuum. Since the discussion is very similar to the previous section, we will be rather
brief and sketchy, only concentrating on the main steps.
Let us consider Type IIB Superstring theory on a K3 surface, preserving sixteen su-
percharges. This yields a six dimensional chiral (0, 4) supergravity theory supplemented
with a moduli space, parametrized by the scalar fields,
M = SO(5, 21)
SO(5)R × SO(21) , (4.1)
where the SO(5)R ' USp(4)R is the R-symmetry. This R-symmetry group contains two
compact U(1) subgroups, labelled by say, U(1)ρL and U(1)ρR ,
U(1)ρL ×U(1)ρR ⊂ SO(5)R . (4.2)
One may now repeat the construction we have presented in this article, and compactify
further on a circle with a Scherk-Schwarz twist, this time down to five dimensions. This
procedure leads to a Scherk Schwarz reduced gauged N = 4 supergravity in five dimensions.
For toroidal compactifications that result in maximal supersymmetry in six dimensions,
such partial supersymmetry breaking flat vacua have been shown to exist [38]. For theories
arising from K3 compactifications, a similar feature has been shown in [39]. Applied to
the case at hand, one can twist the six-dimensional supercharges with respect to U(1)ρL ×
U(1)ρR ⊂ SO(5)R, with twist parameters ρL and ρR. If both parameters are switched
11The factors of R3 in the charges arise from issues of canonical normalization of the four-dimensional
vectors. These are clearly not present in the five-dimensional ‘normalizations’.
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on, supersymmetry is completely broken in the vacuum. However, if we set, say ρL = 0,
supersymmetry is only partly broken — and two of four gravitinos remain massless:
SO(5)R ' USp(4)R −→ USp(2)R ' SU(2)R . (4.3)
Further details on the spectrum can be found in [39].
Therefore, setting ρL = 0 leaves us with an N = 2 preserving Minkowski vacuum in
five dimensions. Given that a stable vacuum is now guaranteed, it is no longer problematic
to consider a non-extremal black hole excitation above this vacuum. In fact, one may even
stick to the extremal case. Following up on the spectrum computed in [39], for example,
it is straightforward to check that the appropriate quantization condition on the electric
charge of these black holes is consistent with the expectation from the ρ-algebras.
In such a set up, an extension of the Rholographic picture is simple too. A black string
solution of the six dimensional supergravity theory has an AdS3×S3 horizon. In fact, this
was the set up considered in the classic example of [1]. Its Rholographic counterpart would
be the ρL/R-twisted non-extremal excitation on the AdS
ρL/R
3 vacuum. The field theory
living on its boundary is a (4, 4) D1-D5 CFT. It contains two chiral N = 4 superconformal
algebras in two dimensions. For the Rholographic extension of which, as discussed at
the end of section 2, one may consider a ρL/R-algebra extension on either of the chiral
components of this CFT. Therefore, a ρL/R-twisted D1-D5 CFT is conjecturally dual to
Type IIB Superstring theory on an AdS
ρL/R
3 × S3 ×K3.
It is worth noting that the D1-D5 CFT has local gauge symmetry that leads to spectral-
flow, much like in the case of the MSW CFT. While there was one set of Kac-Moody
currents corresponding to the SU(2) gauge symmetry in the MSW CFT (corresponding to
rotational symmetry on the S2 of the AdS3 horizon), the D1-D5 CFT has two such current
algebras corresponding to rotational symmetry on the S3, with an isometry group SO(4) '
SU(2)× SU(2). It must be stressed that the Scherk-Schwarz twist on the worldsheet does
not involve the current algebras. Rather, it uses the outer automorphism groups of the left
and right moving sectors, which we call SU(2)ρL ×SU(2)ρR . It is clear then that the twists
on the worldsheet supercharges is with respect to the subgroups
U(1)ρL ×U(1)ρR ⊂ SU(2)ρL × SU(2)ρR , (4.4)
and if we want to preserve some supersymmetry in the bulk, we set one of the twist
parameters to zero, e.g. ρL = 0. The concerned reader may consider this example to be
on more firm ground, as far as stability of the vacuum is concerned. In fact, it would
be interesting to compute black hole discharge rates and R-charged particle scattering
processes using conformal field theory techniques for the ρ-algebras. It would also be
interesting to explore the consequences of, and find more evidence for, the Rholographic
picture. We leave these interesting questions for future research.
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A Compact gauging of G2(2)/SO(4)
Here we identify the relevant U(1)R of the model discussed in the main text and then
compute its associated Killing vector and moment map. Let H1, H2 be the two Cartans
and Ei, Fi, i = 1, . . . , 6, the positive and negative root generators of the split real form
G2(2). The maximally compact subgroup SO(4) is generated by
K1 = E1 − δ2γ−2 F1 , K2 = E2 − γ2 F2 , K3 = E3 − δ2 F3 ,
K4 = E4 − γ2δ2 F4 , K5 = E5 − γ4δ2 F5 , K6 = E6 − γ2δ4 F6 , (A.1)
for any non-zero real constants γ and δ. Indeed, the further combinations
J1 =
1
2
δ−1
(
γ−2K5 −
√
3K3
)
, J2 =
1
2
γ−1
(
δ−2K6 +
√
3K2
)
,
J3 =
1
2
γδ−1
(
K1 − γ−2
√
3K4
)
, (A.2)
and
L1 =
1
2
δ−1
(
3γ−2K5 +
√
3K3
)
, L2 =
1
2
γ−1
(
3δ−2K6 −
√
3K2
)
,
L3 =
1
2
γδ−1
(
3K1 + γ
−2√3K4
)
, (A.3)
can be checked to generate two copies of SU(2), for any γ and δ. This is most straightfor-
wardly seen using an explicit matrix realisation of the G2(2) generators, like e.g. the one
given in appendix C of [40]. A calculation similar to that of that appendix allows us to
establish that the SU(2)R ≈Sp(1) corresponding to the R-symmetry is generated by Jx,
x = 1, 2, 3. Any of the Jx can thus be picked up as the relevant U(1)R to gauge our model
with. For definiteness, we choose12 J3.
We now turn to the calculation of the Killing vector associated to J3. The Killing
vectors of hypermultiplet spaces in the image of the c-map have been given in terms of
special geometry data in [41] (see [42] for a recent update). Here, rather than using those
general formulae, we play the following trick, based on the homogeneity of G2(2)/SO(4),
to read off the Killing vector associated to a specific generator. If V(qu) is the right,
say, coset representative and ] denotes the G2(2)-generalised transpose (see e.g. [40] for
12We have explicitly verified that graviphoton gaugings along J1 only, along J2 only or along J3 only are
physically indistinguishable, as they should.
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the details), then P = 12
(
dV V−1 + (dV V−1)]) is a one-form valued on the Lie algebra
g2(2) of G2(2). For any real one-form A, the one-form Pˆ =
1
2
(
DV V−1 + (DV V−1)]),
with DV V−1 ≡ (dV + gAV J3)V−1, is also g2(2)-valued. Here we have found it useful to
stick in a (coupling) constant g. We can then expand Pˆ in the basis H1, H2, Ei, Fi of
g2(2) to read off the covariant derivative Dq
u = dqu + gAku and the components of the
ku of the Killing vector associated to the generator J3. In fact, we have repeated this
exercise for all 14 generators of G2(2) to compute all Killing vectors of G2(2)/SO(4), and
have explicitly verified that these vectors do indeed leave the metric huvdq
udqv = 14Tr(PP )
invariant. Obviously, the same process can be followed to compute the Killing vectors of
any (non-compact) homogeneous space.
Performing the suitable coordinate transformation that brings the metric huvdq
udqv =
1
4Tr(PP ) obtained from the coset approach into the c-map form (3.18), we thus find that the
Killing vector k0 = k
u
0 ∂u associated to the U(1)R generator J3 has the following components
ku0 along the coordinates (3.16):
kφ0 = −2−
3
2 3−
3
4 γ−1δ
(
ξ0 + 3
√
3 δ2 ξ˜1
)
,
kϕ0 = 2
− 3
2 3−
3
4 γ−1δ
(
ξ0 − 4
√
3 γ2 χ ξ1 −
√
3 γ2 ξ˜1
)
,
kχ0 = −2−
1
2 3−
5
4 γ−1δ
(√
3χ ξ0 − (1− 6γ2e−4ϕ + 6γ2χ2) ξ1 + 3√3 γ2 ξ˜0 − 3χγ2 ξ˜1) ,
ka0 = 2
− 3
2 3−
11
4 γ−1δ−1
(
9δ2a
(
ξ0 + 3
√
3 γ2 ξ˜1
)
−9δ2e−2φ−2ϕχ ξ0 [9γ2 + 18γ2e4ϕχ2 − e8ϕχ2 (1− 9γ2χ2)]
+9
√
3e−2φ−2ϕ ξ1
[
3γ2δ2 +
√
3e2φ+2ϕ + 12γ2δ2e4ϕχ2 − δ2e8ϕχ2 (1− 9χ2)]
−9 ξ˜0
[
3
√
3γ2 + δ2e−2φ+6ϕ
(
1− 9χ2)]+ 9√3 δ2e−2φ+2ϕχ ξ˜1 [6γ2 − e4ϕ (1− 9γ2χ2)]
+9δ2ξ0
[
ξ0ξ˜0 + ξ
1ξ˜1 − 3
√
3γ2ξ˜0ξ˜1
]
− 9δ2ξ1
[
54γ2ξ0ξ˜0 − 2
√
3
(
ξ1
)2 − 9√3γ2 (ξ˜1)2]),
kξ
0
0 = 2
− 3
2 3−
3
4 γ−1δ−1
(
2δ2
(
ξ0
)2 − 6γ2δ2 (ξ1)2 + 3√3 γ2 − δ2e−2φ+6ϕ (1− 9γ2χ2)) ,
kξ
1
0 = −2−
3
2 3−
3
4 γ−1δ
(
3
√
3 γ2 a− 2ξ0ξ1 + 3
√
3 γ2 ξ0ξ˜0 − 5
√
3 γ2 ξ1ξ˜1 − 6
√
3 γ2 χe−2φ+2ϕ
+
√
3e−2φ+6ϕχ
(
1− 9γ2χ2)) ,
kξ˜00 = 2
− 3
2 3−
3
4 γ−1δ
(
a− ξ0ξ˜0 − ξ1ξ˜1 + 6
√
3 γ2 ξ˜0ξ˜1 + 9γ
2χe−2φ−2ϕ + 18γ2e−2φ+2ϕχ3
−e−2φ+6ϕχ3 (1− 9γ2χ2)) ,
kξ˜10 = −2−
3
2 3−
5
4 γ−1δ−1
(
2δ2
(
ξ1
)2 − 12√3 γ2δ2 ξ1ξ˜0 − 6 γ2δ2 (ξ˜1)2 − 3√3 + 9 γ2δ2 e−2φ−2ϕ
+36 γ2δ2 e−2φ+2ϕχ2 − 3 δ2 e−2φ+6ϕχ2 (1− 9γ2χ2) ) . (A.4)
It is now straightforward to doublecheck by standard methods that this vector leaves the
metric (3.18) invariant, and thus is indeed Killing, and that it vanishes at (3.19).
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We have also computed the moment map P x0 , x = 1, 2, 3, corresponding to this isom-
etry. Since the full expression is not very illuminating, we only give its value at the vac-
uum (3.19), which is the only quantity needed for all our analyses. With the normalisation
of [26], we obtain
P x0 = (0, 0, 2) , (A.5)
independent of γ and δ. Since the moment map is independent of these factors, so is the
mass (charge) spectrum.
Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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